Aims/hypothesis The molecular basis of the exocytosis of secretory insulin-containing granules (SGs) during biphasic glucose-stimulated insulin secretion (GSIS) from pancreatic beta cells remains unclear. Syntaxin (SYN)-1A and SYN-4 have been shown to mediate insulin exocytosis. The insulinsecretory function of SYN-3, which is particularly abundant in SGs, is unclear. Methods Mouse pancreatic islets and INS-1 cells were treated with adenovirus carrying Syn-3 (also known as Stx3) or small interfering RNA targeting Syn-3 in order to examine insulin secretion by radioimmunoassay. The localisation and distribution of insulin granules were examined by confocal and electron microscopy. Dynamic single-granule fusion events were assessed using total internal reflection fluorescence microscopy (TIRFM). Results Depletion of endogenous SYN-3 inhibited insulin release. TIRFM showed no change in the number or fusion competence of previously docked SGs but, instead, a marked reduction in the recruitment of newcomer SGs and their subsequent exocytotic fusion during biphasic GSIS. Conversely, overexpression of Syn-3 enhanced both phases of GSIS, owing to the increase in newcomer SGs and, remarkably, to increased SG-SG fusion, which was confirmed by electron microscopy. Conclusions/interpretation In insulin secretion, SYN-3 plays a role in the mediation of newcomer SG exocytosis and SG-SG fusion that contributes to biphasic GSIS.
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Introduction
Glucose-stimulated insulin secretion (GSIS) from pancreatic islet beta cells displays a biphasic pattern both in vivo and in vitro [1] . The exocytosis of secretory insulin-containing granules (SGs) that underlies each of the two phases of insulin secretion may differ spatially and involve distinct membrane-fusion machineries. Soluble N-ethylmaleimidesensitive fusion protein-attachment protein receptor (SNARE) proteins, including vesicle-associated membrane protein (VAMP), synaptosomal-associated protein of 25 kD (SNAP25) and syntaxin (SYN), are the fundamental components of the exocytotic machinery required for docking and fusion of SGs with plasma membrane (PM) in neurons [2] . These SNARE proteins are produced in pancreatic beta cells and mediate similar putative steps in SG exocytosis [3] . Each vesicle (v)-and target (t)-membrane SNARE protein constitutes a large family of isoforms [4] . In beta cells, combinatorial matching of v-and t-SNARE isoforms may form the molecular basis of the distinct exocytotic events underlying the two phases of GSIS. It is suggested that, in addition to docked SGs that are purported to form the readily releasable pool (RRP) that accounts for firstphase insulin release, large numbers of SGs, designated 'newcomer SGs', are mobilised from the cell interior to contribute not only to second-phase but also to first-phase release [5] [6] [7] . Insulin exocytosis also involves compound exocytosis of SGs when potentiated by cAMP-acting glucagon-like peptide 1 (GLP-1) [8] or Ca 2+ -acting carbachol [9] . Of the four syntaxins mediating exocytosis, SYN-1, SYN-2 and SYN-4 are present and localised predominantly to the beta cell PM, whereas SYN-3 is noted to be more abundant in SGs [10] . Pancreatic islets from Syn-1a (also known as Stx1a)-knockout mice exhibited blunted firstphase secretion, and total internal reflection fluorescence microscopy (TIRFM) of single beta cells demonstrated that this was due to loss of ability of previously docked SGs to undergo exocytosis, but without perturbation of the recruitment and fusion of newcomer SGs [11] . SYN-4 has been suggested to influence insulin secretion, predominantly first-phase release, but the precise exocytotic step at the level of single SG fusion remains unknown [12] . The roles of SYN-2 and SYN-3 in insulin secretion are unknown. As SYN-3 appears to be the only SYN localised to SGs, we can surmise that SYN-3 possibly influences newcomer SG fusion and/or SG-SG fusion [3, 8, 13] . We thus proceeded to examine this hypothesis.
Numerous studies on distinct cell types have demonstrated the cell-context-specific role of SYN-3 in regulating secretion. In kidney cells, SYN-3 was implicated in apical membrane docking and fusion [14] . In gastric glands, SYN-3 regulated parietal acid secretion in complex with mammalian homologue of unc-18b (Munc18b) and SNAP25 [15] . In retinal cells, SYN-3 is produced in ribbon synapses but its role in neurotransmitter release remains unknown [16, 17] . In pancreatic acinar cells [18] , SYN-3 was localised to zymogen granule membrane [19] and complexed with VAMP8 to mediate SG-SG fusion [20] .
In the present study, we found that depletion of endogenous SYN-3 by RNA interference (RNAi) inhibited GSIS in insulinoma INS-1 cells. TIRFM showed that SYN-3-depleted INS-1 cells displayed severely impaired recruitment and fusion of newcomer SGs in both the first and second phases of GSIS, whereas fusion of previously docked SGs was unperturbed. Overexpression of Syn-3 (also known as Stx3) enhanced biphasic GSIS, an action that could be directly attributed to increased exocytosis of newcomer SGs. Remarkably though, Syn-3 overexpression also enhanced SG-SG fusion. Thus, we propose that SYN-3 in SGs facilitates mobilisation of newcomer SGs to the PM and SG-SG fusion, and that these two exocytotic events contribute to both the first and second phases of GSIS in beta cells.
Methods
Cell culture, Syn-3 small interfering RNA and Syn-3 adenovirus transduction INS-1 cells were cultured in RPMI 1640 Medium (Gibco, Langley, OK, USA) at 37°C in 5% (vol./vol.) CO 2 . Syn-3 RNAi duplex (Dharmacon, Chicago, IL, USA) was transfected into INS-1 cells by Lipofectamine RNAi-MAX (Invitrogen, Burlington, ON, Canada). The nontargeting pool of small interfering (si)RNAs was used in control cells. Syn-3 adenovirus was generated and transduced into islets or cells as indicated. For further details, please refer to the electronic supplementary material (ESM Methods). Islets were isolated from 3-6-month-old mice and beta-cells were dispersed as described more fully in the ESM Methods Western blotting Western blots of islet lysate samples were performed with antibodies to the following: SYN-1A, SYN-2, SYN-3, SYN-4, synaptosomal-associated protein of 23 kD (SNAP23), SNAP25, Munc18a, Munc18b, Munc18c, VAMP2, VAMP8 and beta actin. Protein bands were visualised by chemiluminescence (Pierce, Nepean, ON, Canada). For further details, please refer to the ESM Methods.
Insulin secretion Perifusion assays on mouse pancreatic islet and static insulin secretion from INS-1 cells were performed as reported previously [21] , with secreted insulin determined by RIA (Linco, St Louis, MO, USA). Results are presented as insulin secreted normalised to total insulin content. For further details, please refer to the ESM Methods.
Confocal microscopy Samples were fixed and immunostained as described in the ESM Methods. Images were examined using a LSM510 laser scanning confocal imaging system. Please refer to the ESM Methods for further details.
Electron microscopy Islets were fixed and sections were examined and photographed with a Hitachi H-7000 transmission electron microscopy (EM) system as described previously [8] . Please refer to the ESM Methods for further details.
TIRFM and data analysis TIRFM images were acquired using a Nikon TE2000U TIRF microscope at 5 Hz with 100 ms exposure time. Fusion events, observed as flashes of fluorescence indicating emptying of the neuropeptide Y (NPY)-enhanced green fluorescent protein (EGFP) cargo, were manually selected, as recently reported in detail [22] (and see ESM Methods). Briefly, an increase of EGFP fluorescence exceeding ×5 the standard deviation of basal fluorescence fluctuation was considered to represent a fusion event. Two concentric circles (5 and 7 pixels with pixel size of 267 nm, corresponding to approximately 1.3 and 1.8 μm diameters) were used to centre on selected SGs and characterise the change in fluorescence over time for a single SG. The dissipation of average fluorescence in the concentric annulus was taken as the reporter of release of granule cargo. Fusion events were also indicated by abrupt brightening of pHluorin fluorescence, and were manually selected for analyses of fusion-pore lifetime and compound exocytosis. The time period between onset of the pHluorin fluorescence brightening and peak fluorescence was defined as the fusion-pore lifetime. Mobilisation and exocytosis of SGs were analysed by Matlab (Math-Works, Natick, MA, USA), ImageJ (NIH, Bethesda, MD, USA) and Igor Pro software (WaveMetrics, Portland, OR, USA), as described in detail in the ESM Methods.
Statistical analysis All data are presented as means±SEMs. Statistical significance was evaluated by Student's t test, repeated-measure ANOVA and Mann-Whitney rank sum test using SigmaStat (Systat Software, Chicago, IL, USA). Significant differences are indicated by asterisks ( * p<0.05, ** p<0.01).
Results
SYN-3 is a t-SNARE on SGs
We examined the endogenous level of SYN-3 in mouse islet beta cells, and found SYN-3 to exhibit a punctate fluorescence appearance that colocalised with SGs (Fig. 1a) . This was also the case with INS-1 cells, in which SYN-3-GFP fluorescence co-localised with SGs (Fig. 1b) . By recording the movement of SYN-3-GFP and SGs under TIRFM, we found that both green and red fluorescent spots displayed coincident mobility kinetics (Fig. 1c, d ). These results demonstrate that SYN-3 is abundant on SGs in pancreatic beta cells and insulinoma cell lines.
Knockdown of SYN-3 diminishes biphasic GSIS by decreasing newcomer SG fusion To investigate the endogenous function of SYN-3 in insulin secretion, we employed RNAi to acutely downregulate SYN-3 levels. Western blots confirmed that endogenous SYN-3 levels were depleted by 70.6% (Fig. 2a,  b) , whereas levels of Munc18a, -18b and -18c, SYN-1, -2 and -4, SNAP23, SNAP25, VAMP2 and VAMP8 were not altered by SYN-3 depletion (Fig. 2a) . Reduction of endogenous SYN-3 levels impaired GSIS by 42% (5.1±0.4% of insulin content) compared with control (8.7±0.3% of insulin content) (Fig. 2c ), but had no effect on basal secretion (0.8 mmol/l glucose) or cellular insulin content (control, 1.12 ± 0.04 μg/well; with SYN-3 knockdown, 1.10 ± 0.05 μg/well).
We explored how changes in the spatial distribution of SGs as examined by EM might partly explain the above results. At resting or basal conditions, there were no differences between control and SYN-3 knockdown cells in total number of SGs, the number of SGs that were morphologically docked (<50 nm from PM [23] ), or number of SGs close to the PM (within 120 nm). However, after stimulation with 11.1 mmol/l glucose plus 10 nmol/l GLP-1 to greatly potentiate the recruitment of SGs to the PM [8] , the number of docked SGs (Fig. 2d , e) and SGs close to the PM (ESM Fig. 1a ) was reduced by 45.5% and 37.6%, respectively, in Syn-3-silenced INS-1 cells compared with control cells, whereas the total number of SGs did not change (ESM Fig. 1b ). This suggests that after docked SGs had undergone exocytosis, there was subsequent impairment of SGs to mobilise to the PM to replenish this stimulation-induced depletion of docked SGs in SYN-3-knockdown cells. EM, however, could only provide snapshots of SG behaviour, and could not be used to assess the dynamics of SG mobilisation and exocytotic fusion.
In order to visualise the spatio-temporal mobilisation of populations of SGs and single SG fusion dynamics, we employed time-lapse TIRFM to monitor exocytosis of SGs tagged with NPY-EGFP by adenovirus transduction (AdNpy-EGFP) in INS-1 cells. At the basal state (Fig. 3a, b) , levels of punctuate fluorescence indicating docked SGs were not different between control (1.05 ± 0.058 per 10 μm
2 ) and SYN-3-knockdown INS cells (1.03±0.068 per 10 μm 2 ). However, when maximally stimulated by 16.7 mmol/l glucose plus 10 nmol/l GLP-1 and 150 μmol/ l 3-isobutyl-1-methylxanthine (IBMX) (GLP-1 plus IBMX maximally raises cAMP levels), SYN-3-knockdown cells displayed lower insulin-secretory capability compared with control cells (Fig. 3c ). On stimulation, single SG fusion events were observed as flashes of fluorescence that rapidly dissipated in a cloud-like diffusion pattern. These exocytotic events were, however, not uniform but could be categorised into three distinct modes of exocytosis (Fig. 3d) . 'Pre-dock' fusion mode (Fig. 3d top; blue in Fig. 3e , f) refers to SGs that were already docked onto PM ( Fig. 3a) for a period of time prior to stimulation. 'Newcomer SGs' were new SGs appearing de novo under evanescent field after stimulation and which then underwent exocytosis. Newcomer SGs could be further categorised into two distinct patterns as described previously [5, 7, 24] , designated as 'no-dock' (middle, Fig. 3d ) and 'short-dock' (bottom, Fig. 3d ) newcomers. 'No-dock' newcomer SGs (red in Fig. 2e , f) were newly recruited by stimulation and immediately fused with the PM (docking state of <200 ms, the minimal interval between two consecutive frames). 'Short-dock' newcomer SGs (green in Fig. 2e , f) were those newly recruited by stimulation, which first docked for some time-varying from seconds to minutes-at the PM, and then fused with the PM.
We assessed the pattern(s) of fusion events impacted by knockdown of SYN-3 in INS-1 cells. At 2.8 mmol/l glucose in the presence of GLP-1, there were few spontaneous fusion events of mainly pre-dock SGs (Fig. 3e, f, g ). With high-glucose stimulation, fusion events from pre-dock SGs (Fig. 3h, i) were similar between control and SYN-3-knockdown cells in the first phase (first 5 min after glucose stimulation), and also the second phase (from 5 to 18 min after glucose stimulation) of secretion. Remarkably, reduction of exocytosis in both phases of secretion could be entirely accounted for by the reduction in newcomer SG exocytosis. Specifically, in the first phase of GSIS, there was inhibition of both no-dock (red bars in Fig. 3e and f; control 6.50 ± 0.95 vs SYN-3 knockdown 1.88 ± 0.52 events/ 100 μm 2 , same unit is used below) and short-dock (green bars in Fig. 3e and f; control 4.47±0.81 vs SYN-3 knockdown 2.05±0.33) newcomer SGs (Fig. 3h) . In the second phase of GSIS, there was significant reduction in only nodock newcomer SGs (control 5.42±1.26 vs SYN-3 knockdown 2.50±0.69) (Fig. 3i) . Importantly, the newcomer SGs already accounted for >80% of exocytotic events in firstphase GSIS in control cells (Fig. 3e) . Thus, SYN-3 seemed to account for a larger portion of first-phase GSIS by mediating the recruitment and fusion of newcomer SGs, even though SYN-3 had no effects on previously docked SGs, the latter being attributed to SYN-1A [11] .
To elucidate how SYN-3 might be involved in SG exocytotic fusion per se, we rigorously analysed the SG docking and fusion dynamics. We captured images, starting from when the SG was not yet visible and continuing to when the fluorescence of SG appeared and progressed to a nearly constant fluorescence. Some SGs kept stationary in the lateral plane with a relatively stable fluorescence, which we defined as the docking step preceding fusion with the PM; the time an SG stayed in this state prior to fusion we calculated as the docking dwell time (an example profile of a short-dock newcomer SG is shown in Fig. 3d ). There was no difference in docking dwell times between control and SYN-3 knockdown cells (Fig. 3j-l) .
Sometimes, however, we observed in SYN-3 knockdown cells that the EGFP fluorescence of SGs underwent a slower increase to reach peak fluorescence. With EGFP, it was difficult to determine whether the slower increase in fluorescence was due to the slow approach of SGs to the PM, or to the slow release of cargo from exocytosing SGs. To critically assess this process, we labelled SGs with NPY tagged with the pH-sensitive GFP variant pHluorin. In these conditions, SGs would be almost invisible when docked onto the PM, and would only start to fluoresce on opening of the SG fusion pore, at which time the SG lumen would become exposed to the alkaline pH of the cell exterior and the pHluorin would fluoresce [25, 26] . We defined the period from the starting point of an SG beginning to fluoresce to then reach peak fluorescence as the fusion-pore lifetime. In control cells, SGs undergoing exocytosis exhibited fast fusionpore lifetimes, with a mean time constant of <2 s (Fig. 3d, m) , similar to that reported by Barg et al [27] . In SYN-3-knockdown cells, exocytotic SGs exhibited a much slower increase in fluorescence, taking several seconds to tens of seconds before reaching peak fluorescence (Fig. 3n) . Whereas no SGs displayed slow fusion-pore lifetimes in control cells, in SYN-3-knockdown cells, 70% of cells were found with fusion events displaying slow fusion-pore lifetimes (Fig. 3o) ; these accounted for 16.7% of the total fusion events per cell (Fig. 3p) . This feature of slow fusion-pore lifetime was almost entirely observed in the population of no-dock newcomer SGs. These results led us to speculate that the dominant role of SYN-3 might not be in the docking step of newcomer SGs per se but, rather, in the priming and final fusion steps.
Gain of function of SYN-3 increases recruitment and fusion of newcomer SGs for enhanced biphasic GSIS The above studies focused on loss of function. Gain of function is of importance in rescuing deficient biphasic GSIS in diabetes [3, 28] . We thus examined what would happen if we overexpressed Syn-3 to cause gain of function. We transduced INS-1 cells with adenovirus encoding Syn-3 (Ad-Syn-3-GFP). Western blotting verified the increase in SYN-3 in INS-1 cells, along with Ad-Syn-1a-wild-type (WT) and its gain-of-function mutant Ad-Syn-1a-open form (OF; L165A/ E166A mutant) [29] (Fig. 4a) . Syn-3 overexpression (over 90% transfection efficiency by GFP fluorescence) resulted in GSIS enhanced by 42.8% (9.6±0.15% of insulin content) compared with control (6.5±0.94% of insulin content). The secretion potentiated by Syn-3 overexpression was comparable with that induced by Syn-1A-OF, while basal insulin secretion among all groups remained unchanged (Fig. 4b) .
We determined which phase(s) of GSIS would be affected by the increased levels of islet SYN-3 by performing perifusion assays on pancreatic islets transduced with AdSyn-3-GFP-WT. Overexpression assessed by western blotting showed SYN-3-GFP levels were 2.3-fold those of endogenous SYN-3 (Fig. 4c) . Serial Z-scanning by confocal microscopy showed GFP fluorescence reaching the islet core (ESM Fig. 2 ) but leaving some cells not transduced, suggesting that the increased levels of SYN-3 in the single beta cells examined would be even higher. Perifusion analysis of Ad-Syn-3-GFP-WT transduced islets displayed a dramatic increase in both first (6.57± 0.75) and second phases (4.67±0.68) of GSIS compared with control (Ad-GFP, 3.09±0.42 and 2.15±0.12, respectively), such that total GSIS in Ad-Syn-3-GFP-WT-transduced islets was 215% that of control islets (Fig. 4d, analysis in Fig. 4e ). Basal insulin release between the two groups was similar, as was total cellular insulin content. We next determined whether these exocytotic events might be affected by Syn-3 overexpression. INS-1 cells were transduced with Ad-Syn-3-mCherry. Transduced INS-1 cells exhibited markedly enhanced GLP-1-potentiated GSIS (Fig. 4f, g ). We assessed the exocytotic events by TIRFM as in Fig. 3 . Syn-3-overexpressing cells showed that the number of no-dock newcomer SGs undergoing exocytosis increased by 98% and 164% in first (17.13±3.62 vs control 8.66±1. 19 ) and second phases (24.60±5.92 vs control 9.32 ±2.03), respectively. Short-dock newcomer SGs in Syn-3-overexpressing cells were increased, but mainly in the first phase (6.13±0.61 vs control 2.45±0.45) (Fig. 4f-i) .
Role of SYN-3 in SG-SG fusion As SG-SG fusion contributes to GLP-1-potentiated GSIS [8] , and SYN-3 co-localises with SGs (Fig. 1) , we postulated that SYN-3 could be a putative t-SNARE for homotypic SG-SG fusion [28] . To address this, we performed EM of Syn-3-overexpressing pancreatic islets and control islets stimulated by 11.1 mmol/l glucose plus GLP-1, a condition that greatly induces SG-SG fusion [8] . Remarkably, SG-SG fusion events were much more abundant in Syn-3-overexpressing islet beta cells (19.50±3.24/100 μm 2 ) than in control beta cells (9.27±1.45/ 100 μm 2 ) (Fig. 5a, b) . The total number of SGs, SGs close to the PM (within 120 nm) and SGs morphologically docked on PM were comparable between the two groups (ESM Fig. 3) . Sequential SG-SG fusion and compound exocytosis have been studied in recent years, in various cell types, with multi-photon imaging [30, 31] and other imaging modalities [9] . Realising that static EM images could not distinguish these exocytotic events, we employed TIRFM to rigorously and quantitatively assess the spatio-temporal dynamics of these two types of SG-SG fusion: sequential SG-SG fusion and true compound fusion. We captured discrete fusion events of SGs labelled with syncollin-pHluorin [32] triggered by 16.7 mmol/l glucose and GLP-1 stimulation. Syncollin, a native cargo protein of pancreatic acinar cells, could reliably be targeted to SGs [33] . In addition to typical single flashes indicating exocytosis of single SGs, we observed other types of fusion event. Of note, in 14% of total exocytotic events in control cells, there was another flash occurring during the decay phase of the first fusion event (Fig. 5c) , and sometimes we observed at precisely the same site a sequence of double or triple flashes following initial fusion events, indicating longer chains of SG-SG fusions. These sequential fusion events are consistent with the 'sequential exocytosis' described previously [31] . In 3% of total fusion events, the fluorescence increase that occurred was not always associated with well-resolved sequential steps of similarly sized single SG flashes, but rather displayed massive fluorescence spots. An example of massive fusion is shown in Fig. 5d (analysed in the graph) , and is further analysed in Fig. 5f left image, and compared with a typical single SG fusion event shown in the corresponding image and graphical analysis in Fig. 5e, f. In Fig. 5f , the graphical analysis of full width at half maximum (FWHM) (indicated by red arrows) shows these massive fusion events (mean 0.476 μm) to be twofold larger than single SG events (mean 0.242 μm). These massive fusion events could be interpreted as either swelling of SGs or exocytosis of several compound SGs. Our data support that latter for the following reasons. First, syncollin labels SG cargo. There is no accumulation of fluorescence caused by extracellular fluorescent probes or dyes refilling during fusion-pore opening, as is the case with post-fusion labelling. Second, the mean fluorescence intensity within the inner red circle of the top images in Fig. 5d , e, corresponding to the black line in the bottom graphs, which estimates the size of the fusing SG, is much larger, 3.6-fold brighter (ΔF MassiveSG /ΔF SingleSG 0 36,075/9,959) for the massive SG fusion (Fig. 5d ) compared with single SG fusion events (Fig. 5e) . Third, fluorescence intensity between inner and outer red circles (corresponding to grey lines in the bottom graphs) depicting dissipation of SG cargo release is also much larger in the massive SG fusion than that in single SG fusion. We thus considered that these massive fusion events represent genuine compound fusion of several SGs that were already prefused before a lead SG underwent exocytotic fusion with the PM [8, 9, 28] . Two additional examples of compound exocytosis (left We then examined whether loss of function (siRNA knockdown) or gain of function (genetic overexpression) of SYN-3 could influence these SG-SG fusion events in INS-1 cells. Sequential and compound fusion events were assessed and normalised to the footprint area of each cell. Remarkably, SYN-3 knockdown (Fig. 5h) inhibited 80% of , but with no significant effect on the number of massive compound fusions. However, overexpressing Syn-3 (Fig. 5i ) in INS-3 cells increased not only the sequential but also the multi-granule fusion events by a remarkable twofold and 5.6-fold, respectively.
These results, taken together, lead us to propose that SYN-3 plays a role in regulating SG-SG fusion in beta cells, in addition to mediating the recruitment and exocytosis of newcomer SGs.
Discussion
In this work, we have demonstrated the novel exocytotic functions of SYN-3, which is present in many cell types but with functions not critically examined. Unlike other SYNs located on the PM, SYN-3 is a t-SNARE on SGs (Fig. 1) , appropriately located to serve exocytotic functions different from PM-bound SYNs, most notably SYN-1A, the dominant and putative SYN mediating fusion of docked SGs with the PM [2, 11] . Here, we showed SYN-3 mediated the recruitment of newcomer SGs to the PM and further induced them to undergo SG-SG fusion, two actions that together greatly amplified the biphasic GSIS.
Neurons have the most efficient primary exocytosis of docked synaptic vesicles, and very rapid and efficient priming machinery to effect further rounds of sustained neurotransmitter release [2, 34] . Other secretory cells, including neuroendocrine and epithelial cells, have a much lower capacity for primary exocytosis. These secretory cells require alternative exocytotic modes and corresponding fusion machineries to optimise secretion during periods of high physiological demand (i.e. food digestion by pancreatic acinar enzymes) and disease states (i.e. insulin secretion in diabetes, mast cell secretion in allergic reactions) [28] . One mode is fusion of secretory granules, either by orderly sequential fusion as in pancreatic acinar cells [13, 20] or by prior homotypic fusion leading to compound exocytosis, as in mast cells [35] . Islet beta cells employ fusion of secretory granules [31, 36] , but to a much lesser extent than other secretory cells. The other mode is by recruitment of newcomer secretory granules to the PM, first described in islet beta cells [11, 37] , but which could be a mode of exocytosis in other neuroendocrine cells. Here, we show that SYN-3, particularly when produced in abundance to induce gain of function, can enhance both modes of exocytosis on newcomer SGs, without any effect on docked SGs.
It would thus seem that SYN-1A and SYN-3 play nonredundant roles in insulin exocytosis. Interestingly, newcomer SGs, with recruitment mediated by SYN-3, actually accounted for a larger portion of SGs undergoing exocytosis in first-phase GSIS than docked SGs, the latter attributed to SYN-1A [11] . This is of importance, as first-phase GSIS is much reduced in patients with type 2 diabetes, and this has been attributed in part to greatly reduced islet SYN-1A levels [23] , along with reduction of cognate SNAREs (SNAP25 and VAMP2) and the Sec1/Munc18-like protein (SM) Munc18a. SYN-3 was shown in pancreatic acinar cells to preferentially form complexes with VAMP8 [20] and Munc18b [38, 39] , which are also present in beta cells [40] [41] [42] . We recently reported, employing the Vamp8-knockout mice [43] , that VAMP8 also mediated the recruitment and fusion of newcomer SGs, and was the putative cognate v-SNARE that binds SYN-3. We showed that Munc13-1 mediated not only the priming of docked SGs [21] but also the newcomer SGs [22] , the latter probably by priming SYN-3 exocytotic complexes.
GLP-1 improves GSIS in patients with diabetes [44] ; we show here that this may be due, at least in part, to its actions on endogenous SYN-3 on SGs, or SM-SNARE complexes [29, 43, 45] induced to form with SYN-3. As SYN-3 exocytotic complexes function to enhance the recruitment and fusion of newcomer SGs and SG-SG fusion, such a mechanism may be deployed to compensate for the diabetic defects in docked SGs [11, 46] and, if so, this strategy would present itself as a potential therapeutic target [28] . Duality of interest The authors declare that there is no duality of interest associated with this manuscript.
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